The downstream impacts of best management practices designed to manage stormwater at the source are not well documented.
Introduction
Urban growth generally results in the expansion of impervious surfaces in the form of roads, parking lots, sidewalks and rooftops. Increase in impervious surfaces has been identified as the primary contributor of hydrologic and water quality changes in urban watersheds (Shuster et al. 2005; O'Driscoll et al. 2010) . Examples of the hydrologic implications of urbanization include, among others, increases of runoff rates and volumes, erosion of stream beds and banks, degradation of water quality in streams and shallow groundwater, degradation of aquatic habitats, reduction of infiltration, and decrease of aquifer recharge (Leopold 1968; Rose and Peters 2001; Tang et al. 2005) .
During the early 1990s, low impact development (LID) strategies were developed for stormwater runoff management in Prince George's County, Maryland (USEPA 2000; Coffman 2002; HUD 2003) . The LID approach seeks to maintain or restore predevelopment hydrologic conditions by minimizing the effects of impervious surfaces through the use of onsite management techniques (PGC 1999b; USEPA 2000; Coffman 2002) . A large number of reported studies of both field monitoring and simulation modeling have shown the effectiveness of LID practices for managing stormwater quantity and quality (e.g. Davis 2005; Dietz 2007; Scholz and Grabowiecki 2007; Davis et al. 2009; Roy-Poirier et al. 2010; Berndtsson 2010; Rowe 2011; Ahiablame et al. 2012) , resulting in a growing worldwide adoption of green infrastructure and LID practices (e.g. Dietz 2007; Zimmer et al. 2007; Lloyd 2001; Hunt and Lord 2006; Davis 2008; Fassman and Blackbourn 2010; Gregoire and Clausen 2011; Chaosakul et al. 2013 ).
Even though LID practices have been shown to effectively manage stormwater at the source, their performance at watershed scales is not well documented. Research is needed to evaluate the effectiveness of spatial translation and scaling up of LID technologies within a watershed. The objectives of this study were (1) to determine the extent to which the scaling up of LID designs affects downstream runoff, and (2) to explore how the spatial translation of LID practices impacts runoff at the outlet of Deer Creek Watershed, Missouri. In this study, rain barrel, rain garden and porous pavement have been evaluated for their potential to reduce runoff at watershed scales.
Methodology

Study Area
Deer Creek Watershed (DCW) in St. Louis County, Missouri was selected as the study area (Figure 1 ). This watershed was chosen because of the high level of urbanization and the availability and number of streamflow gauges and historical data in it. DCW is approximately 93 km 2 , has a12-digit HUC (USGS and NRCS 2012) , and is predominantly hydrologic soil group C. DCW covers 21 different municipalities (partly or fully) and has four land use types, based on the 2006 land cover data, classified as low intensity developed, high intensity developed, open water, and mixed forest ( Figure 1 and Table 1 ). Pre-development land use conditions in DCW were characterized based on historical land cover data to allow comparison of model results between pre-and post-development conditions (Table 1) . Detailed description of the pre-and post-development land uses is given in Section 2.2. 
Data Used
The major datasets used for the analysis consist of land cover maps, and soil, climate and streamflow data. Land use and land cover datasets used for the analysis consist of 2006 and 1958 land uses. The 2006 land cover data were obtained from the National Land Cover Database (NLCD). A pre-development condition in the watershed was defined using land cover data based on historic aerial photographs from 1958 which were mosaiced and georeferenced using ArcGIS tools. Polygons were delineated around areas of forested land (mixed forest) and agricultural and open space areas (Figure 2 ). The remainder of DCW not within these delineated polygons was assumed to be developed to the same extent as the 2006 land cover map (Figure 1 above) . The NLCD 2006 Developed land class has four levels of intensity (Open Space and Low, Medium and High Intensity), each with a different percentage of impervious area (Table 2 ; Fry et al. 2011) . The midpoints of the ranges shown in Table 2 were used in the estimation of total impervious area (TIA). The Water and Wetlands land cover classes were assumed to have 0% imperviousness, and 1.9% impervious was used for Mixed Forest (Choi et al. 2004 ). An area-weighted average based on land cover was used to estimate TIA for the watershed. Percent TIA values were then used to estimate a directly connected impervious areas (DCIA) percentage with Sutherland (2000) equations. Research has shown that DCIA is a better predictor of alternation of downstream ecosystems (Roy and Shuster 2009 ). The averages of watershed characteristics outlined in Sutherland (2000) were selected to represent DCW characteristics. The U. S. Department of Agriculture (USDA) Soil Data Viewer 6.1 was used to access the Soil Survey Geographic database (SSURGO) to obtain the soil information of the watershed. The soil of the study area was classified as silt loam (NRCS 2014) .
The rainfall data used for this study consisted of 1 h rainfall, obtained from the Lambert International Airport, St. Louis rain gauge (~12 km from the watershed centroid) for the period 2003-01-01 to 2012-12-31. The dataset was downloaded from the National Climatic Data Center (NCDC). HydroDesktop, a web-service based hydrologic data acquisition and processing tool (Ames et al. 2012) , was used to obtain North American Land Data Assimilation System (NLDAS) data which contain wind speed, evaporation, and minimum and maximum temperatures.
Streamflow data for the Maplewood, Missouri (USGS-7010086) gauge station were obtained from the USGS National Water Information System for the period 2003-01-01 to 2012-12-31. This streamflow gauge station was used to delineate the study watershed, serving as the watershed outlet. Streamflow records were used to separate baseflow from direct runoff with the Web-based Hydrograph Analysis Tool (WHAT) . The direct runoff (DR) obtained from WHAT was used to calibrate and validate the model for scenario simulations. Detailed description of specific data compilation and processing is provided in Di Vittorio (2014).
Model Calibration, Validation and Baseline
The study period was 2003-01-01 to 2012-12-31. The model was calibrated for daily direct runoff (DR) with data of the first five years (2003-01-01 to 2007-12-31) and validated with data for the remaining five years (2008-01-01 to 2012-12-31) . The simulated runoff was compared with observed runoff, derived with WHAT . The model was manually calibrated for daily runoff and two statistics, Nash-Sutcliffe efficiency (NSE) and the coefficient of determination (R 2 ), were used to assess how well the simulated daily runoff fit observed daily DR. The calibration and validation exercise resulted in NSE = 0.57 and R 2 = 0.58. The validation period yielded similar results with NSE = 0.64 and R 2 = 0.67. Runoff simulated for the entire study period (2003-01-01 to 2007-12-31) was used as baseline for comparison with the LID scenarios developed for the analysis. The baseline model, after calibration and validation, showed NSE = 0.61 and R 2 = 0.63. These statistics were deemed reasonable for daily runoff simulations and for the objectives of the study (Moriasi et al. 2007 ).
Simulation Scenario Development
Arc Hydro tools were used to delineate the DCW in 117 subcatchments and PCSWMM was used to evaluate the long term effectiveness of three LID practices: rain barrel (RB), rain garden (RG), and porous pavement (PP). The three LID practices were modeled individually and in combination in the form of vertical layers (Rossman 2010 ) using LID editor algorithms and the Green-Ampt method for infiltration of the SWMM engine. A baseline and a pre-development land cover scenario were developed to assess the ability of LID scenarios to reduce runoff at the watershed outlet and to restore the pre-development hydrologic regime. The baseline and all LID scenarios were simulated using NLCD 2006 land cover. A detailed description of the assumptions and steps on LID design and representation in the model are provided in Di Vittorio (2014) .
Rain barrels and rain gardens were implemented only in residential settings and received runoff from roof downspouts. The conceptual model simplified an average roof area into four equal sections, and each section was assumed to be DCIA and sending runoff to one downspout. For the purpose of LID simulation, an assumption was made that a home implementing rain barrels would have 3 downspouts (75% of the average roof area) routed to three rain barrels of approximately 280 L each on the property and a home implementing a rain garden would have one downspout (or 25% of the roof area) routed to a rain garden on the property. The model parameters used for modeling the two practices are shown in Tables 3 and 4 . Porous pavement is not well suited for application to high traffic roadways and therefore this practice was only applied to residential streets (no highways or state roads). The simulated porous pavement did not include receiving runoff from other impervious surfaces, only direct interception of rainfall. In practice, local roads would receive runon from adjacent areas (e.g. driveways, properties sloped towards the road); however, this was not accounted for in this study due to the complexity of detailed routing in such a large size study area. The model parameters used for modeling this practice are shown in Table 5 . 
LID Simulation Scenarios
The calibrated and validated model (i.e. the baseline model) was modified to create what if scenarios by adding model parameters that represent LID practices as described in Section 2.4.
To investigate the scaling effects of the three LID practices (rain barrels, rain gardens and porous pavement) in reducing runoff, two approaches for scaling up LID implementation levels were used. The first approach incrementally and concurrently expands the implementation of LID practices in all 117 DCW subwatersheds at 25%, 50%, 75% and 100% implementation levels (Table 6 ). This approach is conventionally named incremental scaling. The second approach, or spatial scaling, combined all the three practices implemented at 50% and the DCW was divided into six subwatershed groups (G1-G6). The subwatersheds were manually grouped to ensure that all subwatersheds within a group were upstream of the outlet of the group, and the areas of the groups were relatively similar (Figure 3 ; Tables 7, 8 and 9). Six scenarios (all three practices combined at 50% implementation level) were then defined to consecutively and additively simulate one at a time the implementation of LID practices in the subwatershed groups, spatially increasing the overall scale of LID practices (Figure 3 ). The implementations of LID practices in the subwatershed groups were referred to as Case 1 through Case 6 (C1-C6), with C1 corresponding LID implementation in only one subwatershed group and C6 being the case where LID practices were implemented in all subwatershed groups. The 50% implementation level is representative of both homeowner implementation (for rain barrel and rain garden) and municipality implementation of LID practices.
To gain an understanding of how varying the location of LID implementation within the watershed would impact the benefits observed at the outlet, the same six subwatershed groups were used. The implementation level of LID practices were normalized with DCIA and area treated using G6 as the smallest group (Di Vittorio 2014), so that both LID implementation and scenario results are comparable from one group to another. Similarly to the incremental scaling cases, implementations of LID practices in the individual subwatershed groups were also described in six cases, where each case corresponds to LID implementation in one and only one subwatershed group at a time.
Results and Discussions
Baseline and Pre-Development Scenarios
The calibrated and validated baseline model was used to simulate average annual runoff (AAR) for NLCD 2006 land cover (i.e. the baseline) and 1958 historical land cover (pre-development) for the entire study period (2003-01-01 to 2012-12-31) . The baseline and pre-development scenarios showed simulated AAR of 247 mm and 161 mm respectively (Table 10 ). Runoff increased approximately 53% from the pre-development condition to the baseline condition. This result illustrates, as other studies have discussed, the impacts of land cover change and imperviousness in watershed hydrology (e.g. PGC 1999a; Sutherland 2000; Lee and Heaney 2003) . Over the study period (2003-01-01 to 2012-12-31) , average annual rainfall was 929 mm. Average annual streamflow at the watershed outlet (Maplewood gauge station) was 316 mm and observed annual runoff averaged ~250 mm (i.e. 27% of streamflow at the watershed outlet). 
Spatial Scaling of LID Implementation Levels
Each of the three LID practices modeled in the incremental scaling scenarios (i.e. 25%, 50%, 75% and 100% implementation levels) showed a decrease in AAR, compared to the baseline scenario, as implementation level increased (Figure 4) . The RB simulations achieved the lowest levels for all four implementation levels with AAR ranging from 233 mm for RB 25% to 169 mm for RB 100% (Figure 4) . Following the same trend, RG and PP scenarios showed AAR reduction from 240 mm to 216 mm and 236 to 205 mm, respectively, from 25% to 100% implementation (Figure 4) . None of the scenarios were able to fully recapture the pre-development AAR (Figure 4 ; Table 6 ). However, RB implemented at 100% level in the watershed came close, recovering 90% of the runoff increase between pre-development and baseline scenarios (Figure 4 ; Table 6 ). Runoff reduction varies between practices due to the differences in storage created by individual practice and routing of rainfall (by PP) or roof runoff (by RB and RG). The RB scenarios have a larger area draining into them (75% of the average roof area) and PP scenarios have a larger surface area intercepting rainfall, compared to RG receiving rainfall from only 25% of the roof area.
The incremental scaling of LID practices resulted in reductions of 5.6% to 31% for RB, 2.8% to 12.5% for RG and 4.2% to 17% for PP from the base scenario ( Figure 5 ). These results are comparable to those of a similar study conducted by Walsh et al. (2013) , in which the authors modeled incremental implementation of various rainwater harvesting cases in the Chollas Creek Watershed, California. For similar sized of rain barrels (227 L in their study versus 280 L in this study), the authors showed AAR reductions from 3% to 14%. Other researchers also reported a similar trend of increasing runoff reduction with increasing incremental LID implementation levels (Ahiablame et al. 2013 ). When the three LID practices (RB, RG and PP) were combined and implemented at 50% in the watershed, the simulation results showed that increase in percent reduction in AAR is directly driven by increased spatial coverage of LID practices (i.e. the area treated). Reduction in AAR for C1 through C6 resulted in 3%, 9%, 10%, 13%, 16% and 20%, respectively (Table 6 ; Figures 3 and 6). This was expected as when LID implementation level increases to treat larger areas, greater impact (i.e. runoff reduction) will likely be observed at the watershed outlet.
Case 6 has all three practices implemented at 50% in all subwatershed groups (i.e. throughout the entire watershed), and a reduction of 19.5% in AAR (Figure 6 ). The implementation of LID practices in C6 can be conceptualized by the following expression: C6 = RB50 + RG50 + PP50, where RB50, RG50, PP50 are the scenarios defined in Table 6 . However, C6 showed a lower AAR reduction compared to the individual results of the three practices at 50% implementation level when summed up together (i.e. 15% + 6% + 9% in Figure 5 ). This sum equals 30% not 20% in C6. This difference could be explained by the fact that in this study the three LID practices were not implemented as a treatment train as they treat entirely separate areas (RB for 75% of rooftop, RG for 25% of rooftop, PP for road surfaces), which could limit their interactions. Ahiablame et al. (2013) also found similar performance of LID practices with the combination of two practices (RB and PP). Given the scope of this study, further analysis is needed to fully explore the large difference between the cumulative effect of individual LID implementation (RB50, RG50, PP50) and the effect of the implementation of combined LID practices (RB50 + RG50 + PP50). 
Spatial Variability of LID Implementation
The six scenario runs to examine the effect of spatial variability of the performance of LID practices at the DCW outlet showed differences in percentage runoff reduction among the cases (Figure 7 ). The percentage reductions for each case were found to be 3.1%, 2.8%, 2.5%, 0.6%, 3.7%, and 3.4% (respectively C1 through C6; Figure 7 ). It appears that downstream scenarios seem to perform better than upstream scenarios. The simulations also suggest that a relationship between to the performance of LID practices and the location of their implementation may exist ( Figure 7 ). It was expected that LID practices implemented downstream of the watershed will likely perform better than those implemented upstream. However, there was no detectable trend for the effectiveness of LID practices with respect to the implementation location (e.g. C4 and the other cases; C5 and C6) in this study and the simulation results were not conclusive. This study is a preliminary exploration of examining spatial relationships of LID practices' effectiveness and their implementation locations within a watershed (i.e. the optimal location for LID implementation within a watershed to obtain maximum LID effectiveness). Even though the simulation results were inconclusive, this study indicates that the optimal location for LID implementation would be near this watershed's outlet, in G5 or G6 (C5 and C6). This study calls for further simulations and analyses to investigate the relationship between the LID implementation locations within a watershed and their effectiveness at the watershed outlet. There are many factors (e.g. soil type and slope) that control a watershed's hydrologic response. These factors were not explicitly taken into consideration in this study because soil types were relatively uniformly distributed in the DCW, which has mild slopes throughout, leading to the assumption that their respective impacts on the results would not be considerable (Di Vittorio 2014) .
Conclusions
This study investigated the ability of LID practices to reduce average annual runoff (AAR) at the watershed scale. The analysis for the incremental scaling showed that the percentage reduction varied between practices at the same implementation levels. Ranges for AAR percentage reduction varied from 2.8% to 5.6% at the 25% implementation level and from 12.5% to 31.4% at the 100% implementation level for the individually LID practices simulated (RB, RG and PP). Rain gardens showed the lowest overall reductions in AAR, ranging from 2.8% for the 25% implementation level to 12.5% for the 100% implementation level. Porous pavement showed percentage reductions in AAR ranging from 4.2% to 17.0% for the 25% and 100% implementation levels. Rain barrel simulations provided the largest percentage reduction at all implementation levels (5.6% to 31.4%, corresponding to 25% and 100% implementation levels).
For the spatial scaling, the percentage reduction in AAR also increased from 3% to 20% as the extent of LID practice implementation increased throughout the study watershed. This illustrates the importance of watershed level integrated stormwater management planning to achieve long term runoff reductions, highlighting the need for coordination and public participation to restore a watershed to the pre-development hydrologic regime.
The effectiveness of the practices modeled at different scales in this study can be important to planners and other stakeholders working to develop an integrated stormwater management plan at the watershed level, given insight into the relative benefits of one practice over another. Furthermore, this study showed that LID practice implementation is a viable means of regaining pre-development hydrologic conditions with the RB 100% scenario recapturing 90% of increased runoff in the watershed between 1958 (pre-development condition) and 2006 (baseline scenario). This research also shows there may be an optimal combination of LID practices to achieve maximum performance at the watershed outlet, suggesting the need for the use of optimization techniques in LID planning and implementation processes.
Results for the LID practice placement variability in the study watershed showed greater reduction when practices were implemented near the outlet. These results should be used with caution as there are many factors, such as soil type, slope, development type (i.e. low intensity versus high intensity), and other watershed characteristics, which drive a watershed's hydrologic response. These factors were not taken into account in this study. Understanding the relationship between placement of LID practices and their effectiveness within a watershed would aid planners, watershed managers and stakeholders in making informed decisions surrounding the placement of stormwater management practices. The analysis also suggests that the assessment of an optimum location for maximum LID effectiveness within a watershed should be conducted with more rigorous approaches.
